Abstract: A new approach for the protection of thyristor-controlled series-compensated (TCSC) line using wavelet packets transform (WPT) is presented. The proposed method uses one cycle post-fault-current samples just after fault inception, which is processed through WPT and decomposed into various decomposition levels. The decomposed components are grouped together to provide different frequency sub-bands. Then the phase selection signal (PSS) and section identification signal (SIS) are computed to identify the faulty phase and faulty section, respectively, involved in the fault process in transmission line including TCSC. A threshold value (THD) is selected for PSS, and PSS above THD describes the faulty phase involved, otherwise not. Similarly, another THD is selected for SIS, and SIS below THD describes fault that includes TCSC, otherwise fault that does not include TCSC. As PSS takes half cycle after fault inception to identify the faulty phase and then triggers SIS, the faulty phases and faulty sections are identified within one cycle of fault inception. The proposed WPT algorithm is also tested on physical transmission line model with TCSC, under wide variations in operating conditions and provides accurate results. Thus, the proposed method provides accurate and fast protection measures for TCSC-based line.
Introduction
Use of FACTS devices to improve the power transfer capability in high voltage transmission line is of greater interest in these days. Thyristor-controlled series-compensated (TCSC) line [1] [2] [3] is one of the main FACTS devices, which has the ability to improve the utilisation of the existing transmission system. TCSC-based compensation possess thyristor-controlled variable capacitor protected by metal oxide varistor (MOV) and an air gap. The presence of the TCSC in fault loop not only affects the transient components but also the steady-state components. Significant differences exist between fault signals in presence of capacitor -MOV combination for faults encountering TCSC and not encountering TCSC. When the fault loop does not include TCSC, like an ordinary transmission line, the current signal of the relay contains decaying dc and high-frequency components besides fundamental frequency component. Thus, the apparent impedance calculations are similar to ordinary transmission lines. On the other hand, if the fault loop includes TCSC, the current signal consists of non-fundamental decaying frequency components, odd harmonics, high-frequency and the fundamental frequency components, and the apparent impedance calculations should account for the impedances introduced by TCSC and MOV combination. Thus, implementation of this technology changes the apparent line impedance, which is controlled by the firing angle of thyristors, and is accentuated by other factors including the MOV. The controllable reactance, the MOVs, protecting the capacitors and the air-gaps operation make the protection decision more complex and therefore conventional relaying scheme based on fixed settings has its limitation. Also, in seriescompensated transmission lines equipped with MOV, the load current level may be of the order of the fault current towards the boundary of the zone which, in turn, affects the reach characteristics of the conventional distance relay. Further, the current level may be of the same order at two different points of the transmission line (before and after TCSC) for the similar type of fault. Thus, fault classification and fault section identification are very challenging tasks for a transmission line with TCSC. Once the fault is classified, then its location relative to TCSC (fault section) is required to be determined. As the impedance calculations are different for fault encountering TCSC and not encountering TCSC, the fault section identification information is required to calculate the apparent impedance of the line accurately for different faulted conditions. If the fault does not include TCSC, then the impedance calculation is like ordinary transmission line, and when the fault includes TCSC, then the impedance calculation accounts for the impedances introduced by TCSC and MOV combination. The line impedance is compared with the protective zone and if the line impedance is less then the relay setting, then the relay gives a signal to trip the circuit breaker. Thus, before impedance calculation, a more reliable and accurate fault classification and fault section identification approach is necessary.
Different attempts have been made for fault classification and fault location determination using wavelet transform, Kalman filtering approach and neural network [1 -11] . Neural network-based phase selection procedures [4, 5] are proposed which need large training set generation, longer training time and design of a new neural network for each transmission system. Further, such designs do not consider the presence of TCSC at midpoint of a line.
Recently, wavelet transform is proposed as a new tool to power system area for power quality monitoring [8] , data compression [9] and transient analysis [10, 11] using its multi-resolution feature and frequency and time domain analysis capability. Liao and Elangovan [13] proposed wavelet-based phase selection of an ordinary transmission line using the fault noise as signal which needs additional arrangement of stack tuner, and so on. In another attempt, Yu and Song [14] used wavelet integrated with neural network for phase selection for auto-reclosing purpose of an ordinary transmission line. Morlet wavelet is utilised to detect high impedance fault (HIF) and to distinguish HIF from switching events [15] .
The Kalman filtering approach [1] finds its limitation, as fault resistance cannot be modelled and further it requires a number of different filters to accomplish the task. Back propagation neural network (BPNN), radial basis function neural network (RBFNN) and Fuzzy neural network (FNN) are employed for adaptive protection of such a line where the protection philosophy is viewed as a pattern classification problem. The networks generate the trip or block signals using a data window of voltages and currents at the relaying point. However, the above approaches are sensitive to system frequency changes, and require large training sets and training time and a large number of neurons.
This paper presents a new approach for fault classification and section identification of TCSC-based line using wavelet packet transform (WPT) [16 -23] algorithm. In case of TCSC based line, there may be some situations where fault current levels may be smaller than the current at the loading condition. In such condition, the conventional protection scheme based on amplitude of current magnitude may fail to provide correct fault classification and section identification. Hence, it is required to extract features of the frequency components rather than magnitudes as higher harmonic components are pronounced because of the presence of TCSC. This is done by decomposing the signal into various sub-bands using WPT. The proposed scheme works on the assumption that the fault has been detected. The pre-and post-fault boundaries are detected using the fault detector that uses a short data window (four samples) algorithm [12] . The final indication of the fault is given only when three consecutive comparisons give the difference more than a specified threshold value (THD). Basically, WPT is ideal to extract features as a result of signal decomposition. Here, the fault current signal is decomposed into several frequency bands of high-and low-pass filters. In WPT, the signal is decomposed into both high-and low-pass components, whereas in the case of wavelet transform, only low-pass components are decomposed further. From the decomposed levels, phase selection signal (PSS) and selection indentification signal (SIS) are computed to provide the faulty phase and faulty section accordingly. The PSS detects the faulty phase within half cycles of fault inception and after that it triggers SIS to identify the faulty section involved in the fault process.
The current signals for all phases are retrieved at the relaying end at a sampling frequency of 1.6 kHz. The fault current is decomposed into five levels, which generate 32 uniform sub-bands of 25 Hz width. These sub-ands are grouped to provide harmonic groups, with each harmonic component in the centre of each band and with uniform 50 Hz interval. From the WPT coefficients of different bands, PSS and SIS are calculated to provide the information regarding the faulty phase and the faulty section involved. The WPT is an extension of (fast wavelet transform (FWT)) that allows for finer characterisation of signal content for both time and frequency together. The wavelet packets are more sensitive and computationally more flexible way to do signal discrimination than FFTor FWT-based methods.
2
Wavelet packets
Discrete wavelet transform
The discrete wavelet transform is briefly discussed that is needed for definitions of wavelet packets. The wavelet scaling function and mother wavelets are functions that satisfy the following two-scale equations (n is an integer)
for some set of coefficients H ¼ {h n } and G ¼ {g n } for which g n ¼ (À1)h 1Àn . That is, G is the reverse of H, interleaved with sign changes. Each wavelet scaling function and mother wavelet function is represented by a set of coefficients H and G. The coefficients H ¼ {h n } and G ¼ {g n } are low pass and high pass filter coefficients, respectively. They are used to construct the set of wavelet basis functions f jk (t) and c jk (t), defined below; these are scaled and translated copies of the scaling function f(t) and the mother wavelet c(t).
If j and k are integers, then the basis functions are scaled by a factor of 2 j , and translated k time units. If the time resolution of a discretely sampled function is Dt, then f jk (t) or c jk (t) is the same as f j0 (t À Dt) or c j0 (t À kDt).
Now for i(t), a signal of length 2 N , then there is maximum N level of decomposition and wavelet transform decomposition of i(t) can be given as
Wavelet packet transform
Here, in the case of wavelet packets [16] , the sub-band information represented by the detail coefficients {d jk } can be decomposed further. The advantage of this further series of operations is that the time frequency plane is partitioned more precisely; in fact, the filtering sequence can be adjusted even further in order to represent the signal energy more efficiently onto a minimal number of nonzero coefficients, which has obvious advantages in signal compression. If we have a signal i(t) of length 2 N , then for J levels of decomposition, we have 2 J sets of subband coefficients of length 2 N Àj . Each set is a downsampled, band-pass filtered copy of the i(t) as with regular wavelets, but with more resolution in time.
Wavelet packets are then generalisations of wavelets. Let m ¼ 0 to 2 j À 1, where J is being defined earlier as the depth of the filtering tree or number of levels of decomposition. Let us define the even and odd wavelet packets W 2m (t) and W 2mþ1 (t) as with wavelets in (1) and (2) by
and
Using this notation, f(t) ¼ W 0 (t) and c(t) ¼ W 1 (t). Since wavelet packets are generalisations of wavelets, then a series of basis functions W jmk (t) can be generated by scaled and translated versions of W m (t) as in (3) and (4) .
In a wavelet packet analysis, a signal i(t) is represented as sum of orthogonal wavelet packet functions W jmk (t) at different scales, oscillations and locations
where w jmk is the wavelet packet coefficient. The wavelet packet decomposition tree is shown in Fig. 1 . It generates 32 sub-bands of coefficients comprising m 1 through m 32 . Then, these sub-ands are grouped to provide harmonic groups, with each harmonic component in the centre of each band and with uniform 50 Hz interval, generating different frequency bands,
The choice of mother wavelet plays a significant role in detecting and localising different types of fault transients. In addition to this, the choice also depends on particular application. In this study, we are interested in detecting and analysing short duration, fast decaying and oscillating type of high-frequency current signals. One of the popular wavelets suitable for such application (power system transients) is Daubichies's wavelet. Thus, in this paper, db1 is used to extract features at specific level of decomposition.
3
System studied A 400-kV, 50-Hz power system is illustrated in Fig. 2 . In this system, a TCSC is located at midpoint of the transmission line, used for the distance protection study. The power system consists of two sources: TCSC and associated components and a 300-km transmission line. The transmission line has zero sequence impedance Z(0) ¼ 96.45 þ j335.26 V and positive sequence impedance Z(1) ¼ 9.78 þ j110.23 V. E s ¼ 400 kV and E R ¼ 400/ d kV. Shunt capacitance C(1) ¼ 3.82 mF and C(0) ¼ 2.32 mF. The TCSC is designed to provide compensation varying from 30% (minimum) to 40% (maximum). All the components are modelled using the EMTDC subroutines.
The MOV consists of a number of zinc oxide disks electrically connected in series and parallel. The purpose of the MOV is to prevent the voltage across the capacitor from rising to levels which will damage the capacitor. This is most likely to happen when a fault occurs at a point on the compensated line which minimizes the impedance of the fault loop. When instantaneous voltage across the capacitor approaches a dangerous level, the MOV begins to draw a significant proportion of the line current and thereby limiting the voltage across the capacitor at that level. This action alters the impedance in the series path and hence the fault-loop impedance. In the event that the MOV remains in conduction long enough to raise its temperature (energy) to a dangerous level an air-gap is triggered to short out both the MOV and the capacitor, again changing the fault loop impedance. The operation of the MOV can be within the first half cycle of fault and depending on the severity of the fault, it may continue to operate until the air-gap is triggered cycles later. This is precisely the time when a digital relay makes protection decision. Further, a bypass switch in parallel with the gap automatically closes for abnormal system conditions that cause prolonged current flow through the gap. Fig. 3a shows the MOV with air gap, discharge reactor and bypass switch and with MOV arrangement, and Fig. 3b shows the MOV voltage against current characteristics. Fig. 4 shows the fault current with TCSC at different firing angles and Fig. 5 shows the variations in fault current for fault before and after TCSC on the line. The small inductance in the arrangement limits the current through the air-gap or switch circuit. The TCSC is designed such that it provides 30% compensation at 1808 (minimum) and 40% compensation at 1508 (maximum) firing angle and in this study the firing angle is varied within this range as shown in Fig. 6 .
The TCSC is placed at 50% of the transmission line with 300 km line length, which is 150 km from relaying end. The simulation for all 11 types of shunt faults (L-G,LL-G,LL,LLL,LLL-G) are made on the transmission line with different fault resistance, source impedance, incident angles at different fault locations with varying the firing angle from 1508 to 1808 with (after) and without including (before) TCSC. Fig. 6 provides the variation in capacitive reactance with firing angle.
4
Feature extraction and simulation result using WPT
Feature extraction
In the proposed method, the sampling rate chosen is 1.6 kHz and the fault current is decomposed to five levels, which generate 32 uniform sub-bands of 25 Hz width. The wavelet packet tree is developed using db1 wavelet function. The corresponding sub-bands resulted are m 1 (n) through m 32 (n). The m 1 (n) is of 0-25 Hz, m 2 (n) is of 25-50 Hz, and SIS for faulty phase and faulty section involved, respectively, as given in the following section. One cycle data after fault inception is processed through WPT to compute PSS and SIS.
Faulty phase selection
After feature extraction, the PSS was found out. The PSS is found out on the d 1 (k) information only which provides frequency band with centre frequency 50 Hz.
where k is the most recent sample and n is the number of samples in the window. Here the window length is taken as 3, that is consecutive three samples are taken. The PSS provides the information regarding the faulty phase involved. If the PSS moves above the selected THD, then that phase is considered to be faulty. Thus, the PSS is calculated with WPT band of 25-75 Hz which keeps the information around fundamental frequency as the centre frequency in d 1 (k) is 50 Hz.
Figs. 7a -e shows the PSS for faults at different operating conditions. Fig. 7a shows the PSS for abc-g fault at 20% of the line, firing angle a ¼ 308, fault resistance R f ¼ 50 V. THD was set at a value of 0.3 after testing the algorithm with wide variations in operating conditions. As the PSS is calculated on per unit (pu) scale, the selected THD is well suited for other operating conditions of the power system network. As seen in Fig. 7 , for PSS above the THD, the phases are involved in the fault. Similarly, Fig. 7b shows the PSS for abc-g fault at 40% of the line, a ¼ 458, R f ¼ 100 V and Fig. 7c shows the PSS for abc fault at 60% of the line, a ¼ 608, R f ¼ 150 V with 20% increase in source impedance. Fig. 7d shows the PSS for ab-g fault at 75% of the line, a ¼ 458, R f ¼ 200 V, where for 'a' and 'b' phases, the PSS is above the THD, whereas for c-phase, the PSS is below the THD, showing 'a' and 'b' phases are faulty phases involved where as the c-phase is not involved in fault. Similarly, Fig. 7e shows the PSS for a -g fault at 95% of the line, a ¼ 308, R f ¼ 200 V.
As seen from the results that the PSS for the faults before and after the TCSC do not vary so much even if harmonics are generated for the faults incorporating TCSC because the PSS is calculated by taking only d 1 (k) which provides the features of low-frequency components (around fundamental frequency). Thus, a robust method for faulty phase selection 
Fault section identification
Fault section identification is required to find out whether the fault is with TCSC or without TCSC. The decomposed components can be considered as the features of the original signal. The sub-bands from d 2 (k) through d 15 
where 'k' is the most recent sample and 'n' is the numbers of samples in the window considered. Here, in the proposed Fig. 8 SIS computed for various fault conditions a SIS for a-ph in 'a -g' fault at 40% (before TCSC) and 60% (after TCSC) of the line, a ¼ 308, R f ¼ 50 V b SIS for b-ph in 'b-g' fault at 30% (before TCSC) and 70% (after TCSC) of the line, a ¼ 458, R f ¼ 75 V c SIS for c-ph in 'c -g' fault at 20% (before TCSC) and 60% (after TCSC) of the line, a ¼ 608, R f ¼ 100 V d SIS for 'abc -g'-ph at 45% (before TCSC) and 65% (after TCSC) of the line, a ¼ 458, R f ¼ 150 V e SIS for 'ab -g' fault at 15% (before TCSC) and 85% (after TCSC) of the line, a ¼ 608, R f ¼ 100 V f SIS for 'ab' fault at 35% (before TCSC) and 75% (after TCSC) of the line, a ¼ 308, Figs. 8a -f. THD was set at a value of 0.5 after testing the algorithm with wide variations in operating conditions. As the SIS is calculated on per unit (pu) scale, the selected THD is well suited for other operating conditions of the power system network. Fig. 8a shows the SIS for a-ph in 'a -g' fault at 40% (before TCSC) and 60% (after TCSC) of the line, a ¼ 308, R f ¼ 50 V and it is clearly seen that the SIS is much above the THD for fault before TCSC compared with SIS for the fault after the TCSC. Similarly, Fig. 8b and c shows the SIS for 'bg' and 'c -g' fault respectively. Fig. 8d shows the SIS for 'abc -g' fault at 45% (before TCSC) and 65% ( after TCSC) of the line, a ¼ 458, R f ¼ 150 V. In this case, SIS for all three phases before TCSC are above the THD compared to the SIS for all three phases after TCSC. Fig. 8e with Fig. 9 Physical transmission line model with TCSC a PSS for a -g fault at 40% of the line b PSS for abc -g fault at 70% of the line c PSS for ab -g fault at 80% of the line d SIS for 'ab -g' fault at 25% (before TCSC) and 65% (after TCSC) e SIS for 'a -g' fault at 35% (before TCSC) and 85% (after TCSC) shows the SIS for 'ab -g' fault at 15% (before TCSC) and 85% (after TCSC) of the line, a ¼ 608, R f ¼ 100 V and Fig. 8f SIS for ' ab' fault at 35% (before TCSC) and 75% (after TCSC) of the line, a ¼ 308, R f ¼ 150 V.
From the results, the faulty section is clearly distinguished for TCSC-based line. It is seen that the SIS in case of faults with TCSC (after TCSC), is below the THD as it is the function of both fundamental and other harmonic components, and harmonic components are highly pronounced in case of faults with TCSC. Thus, the difference between fundamental and other harmonic components results SIS signal much below the THD. But, in the case of faults without TCSC (before TCSC), the SIS is above the THD because the harmonic components are less pronounced compared with faults including TCSC and the difference between fundamental and other harmonic components provides SIS above THD. Thus, the proposed WPT algorithm provides accurate results with wide variations in operating the transmission line having TCSC. The PSS finds the faulty phase involved in the fault process within half cycle of fault inception and triggers SIS for the identification of the fault section in transmission line including TCSC. Thus, both faulty phase and faulty section are identified within one cycle of the fault inception. The proposed method involves small amount of computation as the equations for PSS and SIS operate directly on the WPT coefficients at different levels (sub-band frequency components) coefficient by coefficient (sample by sample) and provides PSS and SIS for faulty phase selection and fault section identification, respectively.
Results from experimental set-up
The proposed algorithm has been tested on a physical transmission line model with TCSC. The transmission line consists of two 100-km equivalent p-sections with same frequency characteristics as 400 kV line up to 500 Hz. Thus the transmission line represents 200-km line with designed TCSC placed at 50% of the line. The line impedance Z ¼ 5 þ j40 V and line-ground capacitance is 1.5 mF. The line is charged with 400 V, 5 kV A synchronous machines at one end and 400 V at the load end. To properly adjust the firing circuit for creating necessary delay, the phase of the voltage across the triac must be detained. This is accomplished by sensing the voltage across the capacitor which is in parallel with the triac. The method of translating this voltage into a signal delay is done in a series of steps. The first stage is to step the voltage down to 10 V using the step-down transformer. This stepped down voltage is then fed to a zero crossing detector. The zero crossing detector circuit then produces a pulse each time that the capacitor voltage makes the transition from positive to negative or negative to positive. The application of the firing signals to reactance compensators in the other phases of the three phase system requires two phase delays. One is of 1208 and other is of 2408 for phase B and C, respectively. This will ensure the proper firing of all the triacs. The inductance and capacitance chosen are 25 mH and 24 mF, respectively, to provide compensation varying form 30% (minimum) to 40% (maximum).
The three-phase voltage and current are stepped down at the relaying end with potential transformer of 400/10 V and current transformer (CT) of 15/5 A, respectively. Data collected using PCL-208 data acquisition card (DAC) which uses 12-bit successive approximation technique for A/D (analog to digital) conversion. The card is installed with PC (P-4 machine) with a driver software generally written in Cþþ. It has six I/O channels with input voltage range of +5 V. Data colleted with a sampling frequency of 1.6 kHz.
The results obtained from the experimental set-up are given in Figs. 9a -e. Fig. 9a shows the PSS for 'a -g' fault at 40% of the line and Fig. 9b shows the PSS for 'abc -g' fault at 70% of the line. The PSS is above THD indicating faulty phases involved in the fault process. Similarly, Fig. 9c shows PSS for 'ab -g' fault at 80% of the line. The SIS calculated for faulty section identification are depicted in Fig. 9d , and e. Fig. 9d shows SIS for 'ab -g' fault at 25% (before TCSC) and 65% (after TCSC) of the line and Fig. 9e shows SIS for 'a -g' fault at 35% (before TCSC) and 85% (after TCSC) of the line. The THD for faulty phase selection (PSS) and fault section identification (SIS ) are selected as 0.3 and 0.5, respectively, after verifying for different operating conditions in the experimental set-up. As SIS and PSS are calculated on per unit (pu) system, the selected THD is well suited for TCSC-based line with other network configuration. From the results obtained from Fig. 9 , it is clearly seen that the proposed methods provides accurate results for faulty phase selection and fault section identification for physical transmission line model with TCSC.
Conclusions
A new approach for the protection of flexible AC transmission line with TCSC using WPT is presented in this paper. The post-fault-current signal is decomposed into different sub-band components, and harmonic groups are found out providing features of the signal at different frequencies. From the features, PSS and SIS are computed for faulty phase selection and fault section identification, respectively. As the wavelet packet is more flexible and provides more information for signal discrimination; it has the advantage over wavelet transform. The proposed method provides accurate results for physical transmission line model with TCSC with different operating conditions. As the proposed method involves small amount of computation, thus resulting very fast and accurate protection measure for TCSC-based transmission line.
